All quantum optomechanics experiments to date operate at cryogenic temperatures, imposing severe technical challenges and fundamental constraints. Here we present a novel design of onchip mechanical resonators which exhibit fundamental modes with frequencies f and mechanical quality factors Qm sufficient to enter the optomechanical quantum regime at room temperature. We overcome previous limitations by designing ultrathin, high-stress silicon nitride (Si3N4) membranes, with tensile stress in the resonators' clamps close to the ultimate yield strength of the material. By patterning a photonic crystal on the SiN membranes, we observe reflectivities greater than 99%. These on-chip resonators have remarkably low mechanical dissipation, with Qm∼10 8 , while at the same time exhibiting large reflectivities. This makes them a unique platform for experiments towards the observation of massive quantum behavior at room temperature.
Optomechanical systems, where light is coupled to mechanical motion via the radiation pressure force, have generated enormous interest over the past years. They are promising candidates for testing macroscopic quantum physics, have great potential as quantum transducers between distinct quantum systems and have unique capabilities for sensing applications [1] . State-of-the-art systems have recently demonstrated ground state cooling [2, 3] , mechanical quantum state preparation [4, 5] , entanglement [6] and squeezing of both the optical [7, 8] as well as the mechanical mode [9] [10] [11] . Experiments involving such optomechanical systems in the quantum regime are technically very challenging and so far have exclusively operated at cryogenic temperatures. This poses serious restrictions on the type of experiments that are feasible. Without the need for cryogenic precooling, one could envision their use as hybrid quantum systems with, for example, atomic gases [12] or single atoms [13] . It would also open up practical avenues for real world applications of such quantum optomechanical systems.
One of the most successful implementation of mechanical oscillators for such (quantum) optomechanics experiments are devices made of high-stress silicon nitride (Si 3 N 4 ), which have been utilized in quantum-limited accelerometers [14] , coupling of their motion to ultracold atoms [15, 16] , optomechanics in 3D microwave cavities [17] , microwave-to-optical wavelength conversion [18] , and quadratic coupling in cavity optomechanics [19] .
However, even these low mechanical dissipation oscillators have to date not operated in a regime where realistic quantum experiments at room temperature are feasible. The benchmark for this elusive regime is the f × Q m product of the resonator which requires the mechanical quality factor Q m to be larger than the number of thermal phonons at room temperature (f × Q m > k B T room /h), with h being the Planck and k B the Boltz- * This work was published in Phys. Rev. Lett. 116, 147202 (2016) .
† Electronic address: s.groeblacher@tudelft.nl mann constant [20] . This regime will allow for ground state cooling using the radiation pressure force and hence for experiments operating in the quantum domain. In general, the quality factor-frequency product also determines the number of coherent oscillations the resonator can undergo before one phonon enters the system; i.e., N osc = Q m f · h/2πk B T . Experimental realizations of onchip mechanical resonators that exceed this requirement have all been demonstrated in higher-order mechanical modes [21, 22] . Such mechanical systems are however in practice not useful for cooling experiments as higher order modes are enveloped by numerous neighboring modes, which increase the displacement background noise as one cools the mode of interest. To avoid this limit, it is important to couple to the fundamental mode of the resonator. An additional challenge is to operate at mechanical frequencies beyond 10 5 Hz, where commercial lasers exhibit a minimal amount of classical noise and can relatively easily be quantum limited to shot noise in order to avoid heating or decoherence of the mechanics through noise [23] . Another difficulty for realistic quantum optomechanics experiments at room temperature is that often good mechanical quality is mutually exclusive with good optical reflectivity [24] [25] [26] . This limits the achievable coupling rates and increases the necessary optical power to a level where absorption potentially becomes a practical limitation for cooling and quantum experiments.
In this Letter, we demonstrate the first optomechanical platform that overcomes all these limitations, paving the way for room temperature experiments in the quantum regime. We fabricate on-chip optomechanical mirrors which exhibit f × Q m products of their fundamental mechanical modes above the requirement for ground state cooling without cryogenics (Fig. 1) .
With a center-of-mass frequency of ∼150 kHz and mechanical quality factor Q m ∼10 8 , this new generation of Si 3 N 4 tethered membranes are on par with the state of the art in optically levitated nanospheres, known for their extreme mechanical isolation and ultralow dissipation, which are only limited by gas-molecule collisions in high vacuum and photon recoil heating [27, 28] . In FIG. 1: (a) Schematic of our tethered membrane which consists of a central membrane connected to the silicon substrate through a series of thin tethers. A central photonic crystal reflector can be used for increased reflectivities. Shown are our design parameters which are individually swept keeping all others constant to observe their effect on the f × Qm product. Finite element simulations map out the strain throughout the resonator and calculate deformation due to the relaxation of the material at the (b) tether clamps and (c) central membrane, which together significantly enhance the tensile stress in the tethers. (d) Schematic of ringdown measurement setup. The membrane is resonantly driven by a piezoelectric transducer inside an optical interferometer. We determine the mechanical dissipation by observing the ringdown of the mechanical resonance (see text for details).
order to achieve such remarkably low dissipation rates of Γ m /2π = f /Q m ≈ 1.4 mHz with a tethered system, we design ultrathin high-stress Si 3 N 4 membranes which enhance the intrinsic stress in crucial tether regionssignificantly reducing clamping and bending losses [29] . A key observation is that high-stress membranes have mechanical frequencies which are stress dominated, meaning that one can minimize the thickness of the resonator in order to reduce bending losses without significantly reducing the mechanical mode frequencies. We fabricate tethered membranes with ultralow dissipation rates by engineering up to 6 GPa of stress within films as thin as 15 nm and intrinsic stress of 1.3 GPa. Using finite element simulations to calculate the stress throughout the resonators, we push the tensile stress in the resonator's clamps to values near the ultimate yield strength of low-pressure chemical vapor deposition (LPCVD) Si 3 N 4 . In addition, we are able to show that we can increase the intrinsic optical reflectivity R of these membranes to up to 99.3% by patterning a two-dimensional photonic crystal onto the structure. These devices enable coupling rates that allow ground state cooling from room temperature with realistic parameters in a membrane-in-the-middle design [30] [31] [32] [33] and can also be used as an end mirror of a Fabry-Pérot cavity [25, [34] [35] [36] .
The central mirror on the tethered membranes is a 2D photonic crystal device, that is designed using finite difference time domain (FDTD) simulations. They are similar to previous designs of grating reflectors [37] and photonic crystals (PhC) [38, 39] , which usually consist of an array of either lines or holes etched into the dielectric, respectively. Such a periodic change in the refractive index allows for a band gap to be tailored for a specific wavelength, resulting in (simulated) reflectivities >99.9%. Experiments to date employing such photonic crystal mirrors for optomechanical resonators have however suffered from a trade-off between high reflectivity and high-mechanical quality, due to the requirement of thick dielectrics in order to achieve large R [39] . We confirm this by measuring PhC mirrors consisting of a square lattice of holes as a function of silicon nitride thickness (see SI). In order to circumvent this design issue we follow two slightly different approaches: we either leave a thick cylindrical slab of SiN around the PhC (see Fig. 2c ) or instead of using holes we use pillars, resulting in an inverse photonic crystal (see Fig. 2d ). While the latter design still suffers from fabrication imperfections resulting in reflectivities of ∼ 95%, the other new design allows us to reach R > 99% (Fig. 2) . We show that both methods decouple the mechanical from the optical properties and allow for optomechanical devices with simultaneous high Q m and high R.
We also study the tethered membranes' mechanical parameters, several of which suffer from the conventional trade-off between either good mechanical quality factor or high frequency (see Fig. 1 and Table IV, Supplementary Information). For example, extending the length of the tethers by increasing the size of the window a w in order to reduce clamping and bending losses not only results in higher mechanical quality factors but also lower frequencies [40] . Achieving ultrahigh Q m with this parameter will result in very low fundamental modes, where low-frequency classical noise in lasers becomes a compelling limitation on radiation-pressure sideband cooling (for more detail and discussion on design parameters see the Supplementary Information).
It is known that for fundamental modes of long, thin nanostrings (width, w ≈ 3-5 µm), mechanical dissipation starts to be dominated by bending losses [41] . By accounting for the dominating effect of flexural bending near the clamps of tensile strings one can express the quality factor for the fundamental mode of doubly clamped strings as , this is in competition with the requirement of thin films (i.e. small t f ) for good mechanical quality (cf. Fig. 3 ). We overcome this limitation by either leaving a thick cylindrical slab in the center of the membrane (c) or by using an inverse photonic crystal design (d). These designs decouple the mechanical and optical properties of the membrane and show similar optical performances to (b). We use a simple transmittance measurement to infer reflectivity. We experimentally confirm this by using a PhC membrane as one end mirror of a Fabry-Pérot cavity in combination with a second mirror with known reflectivity and measuring the finesse.
(1) where E is the Si 3 N 4 Young's modulus, σ is the stress in the string, t f is the film thickness, L is the length of the nanostring, and Q bending is the quality factor due to bending losses in a relaxed string, which is mostly dependent on intrinsic material damping. From Eq. 1, one finds that the quality factor of a string can be enhanced by using thinner strings with decreasing t f . A crucial observation from thin plate theory is that membranes under large tensile forces have stress-dominated mechanical frequencies (i.e. f 11 = 1/( √ 2L) σ/ρ, where ρ is the material's density) which are independent of membrane thickness. Since our devices' dissipation is dominated by bending losses through the tethers and have mechanical modes which are independent of thickness, we can engineer thinner membranes with increased mechanical quality factors and negligible impact on the frequency. This design scheme overcomes the trade-off between Q m and f in order to realize optomechanical resonators with unprecedented enhancement of the fundamental mode f × Q m product.
In addition, substrate thickness plays an important role in anchoring losses for out-of-plane fundamental modes, where larger vibrational displacements of thinner substrates near the clamping points of a fundamental mode significantly increase mechanical dissipation [42] . Previous studies found some enhancement in 30-50 nm thick square membranes when moving from 200 µm substrates to 500 µm with a negligible effect in thicker Si 3 N 4 films (t f ≥ 100 nm) [43] . Silicon substrate thickness and silicon nitride film thickness are the parameters we focus on to achieve significant enhancements in f × Q m . We investigate these effects by fabricating our resonators from ultrathin films ≥15 nm and on substrates as thick as 900 µm (for fabrication details see the Supplementary Information).
We determine the mechanical quality factors of our membranes by performing ringdown measurements using a piezoelectric stack in an optical interferometer (see Figure 1d) . Due to viscous damping, which becomes increasingly dominant with thinner membranes, our measurements are conducted inside an ultrahigh vacuum chamber at <10 −7 mbar. Positioning stages are used to align the chip with the membranes to a 20 µm spot of a 1550 nm laser. The chip is placed onto the piezolectric stack under its own weight since any type of clamping or gluing of the chip to the experimental setup can reduce the mechanical quality factor by several orders of magnitude [43] . Each of our chips has 9-16 resonators which allow us to collect several data points for each parameter sweep. We start with a nominal resonator design (see Supplementary Information for details) and adjust each parameter keeping all others fixed. In Fig. 3 , we plot the effects on f × Q m by varying the thickness of the silicon nitride films and silicon substrates for the nominal membrane design. We find that losses in thicker Si 3 N 4 resonators (t f ≥ 100 nm) are dominated by bending losses. From the data, we also see that low dissipation in ultrathin resonators can be completely dominated by anchoring losses in thin substrates (∼200 µm). A clear enhancement in the f × Q m product is observed, consistently exceeding the above requirement for ground state cooling at room temperatures as one fabricates thinner tethered membranes on increasingly thicker substrates, where anchoring losses are no longer a limiting factor on Q m .
In order to push the devices to their material limits, we engineer the stress at the clamps (the dominant source of flexural bending loss) to just short of the Si 3 N 4 ultimate yield strength (≈ 6.4 GPa [44] ). At thicknesses ≤20 nm, the silicon nitride membranes become increasingly susceptible to plastic deformation when subjected to small viscous forces due to handling or large temperature variations during wet chemical processing. Fig. 4b shows the necking that occurs when the resonator is subjected to these small forces which result in large frequency drops from ∼170 kHz to ∼60 kHz and reduction in Q m to ∼10
5 . Necking is a form of irreversible plastic deformation that occurs when excessively large strains localize in Shown is the f × Qm product for the nominal design (see SI) of our tethered membrane for various silicon substrate ({200, 500, 900} µm) and Si3N4 film ({20, 50, 100, 200} nm) thicknesses. Each point is the average of measurements of resonators with identical geometry. In addition we verified that the results are independent of the particular PhC design. For thin silicon substrates (ts = 200 µm), the anchoring losses completely dominate and result in minimal enhancement of the mechanical quality factor even at t f = 20 nm. However, these ultrathin films exhibit f × Qm products above the ground state cooling limit (shaded region) when fabricated on thicker substrates, where anchoring losses are less pronounced. The inset shows the ringdown measurement for the best observed value for a single device with Qm = 9.8 ± 0.2 × 10 7 at f = 140 kHz for a 20 nm thick film, with otherwise nominal parameters.
small cross sections. In order to minimize such effects, we use polytetrafluoroethylene (PTFE) turbulence shielding holders [45] which gently dilute the resonators from one liquid to the next during fabrication. This significantly reduces the resonators' exposure to viscous forces and surface tension in the wet chemistry processes required to release, clean and rinse the sample thoroughly [45] . At thicknesses below 20 nm, we observe consistently reduced Q m ∼10
7 . Ultrathin films below 20 nm produce delicate structures which make it difficult to attribute the lower quality factors to intrinsic limits of the sensitive handling during fabrication or whether other surface-dominant loss mechanisms, such as Akhiezer damping, become more dominant loss channels. The inset in Fig. 3 shows a ringdown for our best device at 20 nm silicon nitride thickness, 900 µm Si wafer thickness, and mechanical quality factor Q m = 9.8 ± 0.2 × 10 7 at a fundamental mode frequency of 140 kHz (f × Q m = 1.37 × 10 13 Hz). With the demonstrated combination of large reflectivities and low mechanical dissipation we will be able to access the optomechanical quantum regime from room temperature. A first demonstration of such quantum behavior could be achieved by cooling the mechanical mode into its quantum ground state, which is already realistic with these device parameters (see Supplementary Infor- To conclude, we studied the dissipation mechanisms in a new regime of ultrathin, highly stressed optomechanical resonators and their effects on mechanical quality factor and fundamental mode frequency. By moving to these thin devices on thick silicon substrates and by engineering the stress in their tethers to near the ultimate yield strength of Si 3 N 4 , we are able to overcome a wellknown trade-off between frequency and mechanical quality factor to achieve fundamental modes f × Q m , which are more than twice the requirement for quantum ground state cooling from room temperature. Our on-chip device performances are on par with the best values measured for optically levitated nanospheres without the need for high power trapping lasers or complex experimental setups. We also demonstrate the possibility to combine our resonators with different photonic crystal mirror designs which result in reflectivities between 95% and 99%, while simultaneously achieving ultrahigh Q m . These results allow us to finally realize experiments to laser cool a mechanical oscillator from room temperature to its quantum ground state (see SI). Such reflective tethered membranes are also ideal for optical trapping configurations that enhance the frequency and the mechanical quality factor even further, while avoiding thermal bistabilities which become a severe limitation at high laser powers [46, 47] . With a Q m ∼10 8 , our dissipation rates are only matched in other silicon nitride membranes with the use of cryogenic cooling near 14 mK, with an improvement of 2 orders of magnitude in mechanical quality factor from room temperature [48] . This allows one to speculate that coupling our new generation of resonators to such low temperature baths could yield Q m ∼1 billion. Our devices have the potential to allow for fundamental tests of quantum physics by generating massive, nonclassical states of a mechanical oscillator, for example in space, where complicated cryogenic setups are not feasible [49] . In addition, thanks to the ultralow mechanical dissipation, it is possible to push boundaries of applications in ultrasensitive (e.g. force) detection [50] [51] [52] , as has recently been demonstrated [53] . For the devices used here, we calculate a force sensitivity of about 10 aN/Hz 1/2 , which, together with Ref. [53] and to our best knowledge, is the highest to date at room temperature. Achieving this level of dissipation in an on-chip design heralds a realistic building block towards optically linked silicon-based quantum networks [54] operating at room temperature.
SUPPLEMENTARY INFORMATION Cooling to Low Phonon Occupancies
Cooling to the motional ground state of a mechanical oscillator with frequency ω m and linewidth Γ m (FWHM) using an optical cavity with frequency ω c and amplitude decay rate κ in practice means reducing the average thermal occupation ton f < 1. In order to resolve the mechanical noise spectrum this also means that the effective mechanical quality factor Q eff > 1. Q eff is the optomechanically broadened quality factor and is different from the intrinsic quality factor Q m = ω m /Γ m . To experimentally achieve such cooling performances, we significantly increase the optomechanical coupling from bare Si 3 N 4 resonators by adding photonic crystals, which allow us to reach reflectivities between 95% and 99% (see main text). In the following analysis, we calculate the phonon occupancies and the corresponding effective quality factors that are achievable by optomechanically cooling the mechanical resonators presented in this Letter.
Effective Mechanical Frequency and Damping Rates
The optomechanical coupling changes the mechanical properties of the resonator, giving rise to an effective frequency ω 2 eff (ω) = ω 2 m + 2ωω OM (ω) and damping rate Γ eff (ω) = Γ m + Γ OM (ω). ω OM (ω) and Γ OM (ω) are the shifted frequency and damping rate due to the optomechanical interaction, derived from the modified mechanical susceptibility in frequency space ω, which are given by [1] 
where ω l is the laser frequency, ∆ = ω l − ω c the detuning with respect to the cavity, g = g 0 √n c the linearized optomechanical coupling strength,n c = 2P ω l κ1 κ 2 +∆ 2 the average cavity photon number, P the laser power, κ 1 the amplitude decay rate of the input mirror, the reduced Planck constant, g 0 = − ∂ωc ∂x x zpf the single-photon optomechanical coupling, x zpf = 2m eff ωm the zero-point fluctuation of the mechanical mode, and m eff the effective mass of the mechanical mode. Note that these effects are most pronounced for ω = ω m .
Final Average Phonon Occupancy
Using the previous equations one can calculate the effective mechanical quality factor Q eff = ω eff Γ eff and the oscil- 
is the minimum phonon occupancy.
Note that g 0 = − ∂ωc ∂x x zpf depends on the configuration of the cavity through ω c (x). We estimaten f and Q eff starting from room temperature for two different configurations of particular interest, namely the 2 Mirror (2MC) and the 3 Mirror (3MC) Configurations, described below. For both configurations we use the parameters indicated in table I.
Two Mirror Configuration (2MC)
In a 2MC, the cavity is composed of two mirrors, in which one of them is the mechanical resonator. In this case,
where n is the index of the cavity resonance of interest.
If we let one of the mirrors be a distance x away from a predefined cavity length L, ω c (x) = n c 2(L+x) . For small x we get −
L . Simplifying the notation ω c (L) by ω c we get
We now calculate the achievable average phonon occupancies and mechanical quality factors from cooling membranes such as the ones presented in this Letter, in a configuration where the membranes are used as input mirrors R PhC in a 2MC in combination with a second mirror with reflectivity R 2 . Taking R 2 = 99.995% and P = 10 µW, we show the estimatedn f and Q eff for several values of R PhC in table II. Here C 0 = 4g 2 0 /κΓ m is the single-photon cooperativity and 2κ/ω m is the sideband resolution parameter. While in such a configuration it is not possible to enter the ground state regime with our currently best reflectivities of 99.3%, future minor improvements in fabrication and design will allow us the reach the required reflectivities of around 99.9%. In addition, as is shown in the next section, a membrane in the middle approach (3MC) allows us to realistically cool to the quantum mechanical ground state with our current devices.
Three Mirror Configuration (3MC)
In a 3MC, the membrane is placed at an arbitrary position x between two high highly reflective mirrors which are separated by a fixed distance L. In this case [33] ,
where r m is the amplitude reflectance coefficient of the membrane, φ r = arg(r m ), and λ c is the cavity wavelength. Note that −
∂ωc(x) ∂x
is optimal for 4π λ x = π 2 + nπ. Assuming the membrane is positioned at such an optima and that it is allowed to move a small distance away from the optimum, i.e. 
The advantage of this configuration is that the optomechanical mirror with reflectivity |r m | 2 = R PhC can be positioned inside a cavity where the finesse F is only determined by the fixed mirrors and not by the membrane reflectivity itself. In such an approach the influence of the membrane's optical properties on the achievable cooling performance is significantly smaller compared to the case for 2MC. Even when using our design with the lowest reflectivity R PhC = 95%, P = 10 µW, we see that occupancies below 1 phonon are easily accessible with a modest finesse cavity. In table III the estimatedn f and Q eff for varying cavity finesse are shown. In particular, for F = 4100 we estimaten f = 0.67 and Q eff = 1.0. These calculations show that our novel designs place the quantum ground state of an optomechanical device at room temperature well within experimental reach.
Fabrication
Our mechanical resonators are fabricated by depositing a high-stress (1.3 GPa) silicon nitride film in a LPCVD furnace on 100 silicon wafers. Tethered membrane patterns written into electron beam lithography resist (AR-P 6200) are then transferred into the silicon nitride film using an ICP-RIE pseudo-Bosch etch (C 4 F 8 /SF 6 ) and cleaned with an O 2 plasma followed by a hot piranha solution to remove organics. Another layer of electronbeam resist is spun over the (unreleased) trampoline and all parts of the tethered membrane except the central region containing the photonic crystal mirror are then exposed, which allows us to thin the membrane tethers using a plasma etch while keeping a thick central membrane, resulting in devices with both high reflectivity and low mechanical dissipiation. The devices are then undercut by performing an aligned beamwrite to open a backside window in the silicon nitride. The resonators are subsequently released from the silicon substrate using 30% potassium hydroxide (KOH) at 75
• C. After the release, we treat the ultrathin resonators with extreme care by avoiding their exposure to large temperature gradients, viscous forces and surface tension using PTFE turbuluence shielding holders. As the resonators decrease in thickness, large tensile stress concentrates in ever smaller clamping cross sections.
Resonator Design
Our devices are designed and optimized by performing a systematic analysis of several parameters of the tethered membranes (see Figure 1 , main text) in order to enhance the f × Q m product. Parameters we studied are the size of the central membrane (a mem ), width of the tethers (w), total size of the window (a w ), fillet radius connecting the tethers to the central membrane (r in ), fillet radius connecting the tethers to the substrate (r out ), diameter of the photonic crystal mirror (PhC) (d PhC ), Si 3 N 4 film thickness (t f ) and silicon substrate thickness (t s ) to measure their effects on the f × Q m product of the center-of-mass mode.
In order to measure the effects of the different design parameters on the mechanical quality factor and frequency we start with a set of nominal parameters and sweep each one while keeping all other parameters fixed. Our nominal parameters are: w = 5 µm, a w = 700 µm, a mem = 100 µm, r in = 60 µm, r out = 20 µm. The following plots include a blue-dashed line representing the nominal value of the swept parameter. By changing the size of the inside and outside fillets we effectively change the length of the tethers. In order to decouple these parameters we change the size of the window, a w , as a way to change the length of the tethers. While the relationship of these parameters with frequencies is experimentally robust, one of the main challenges is observing these parameters' effects on the mechanical quality factors which are susceptible to unavoidable fabrication imperfections due to small changes in handling and contaminants from sample to sample. To mitigate this effect, all resonators for these sweeps are fabricated with t f = 50 nm and t s = 500 µm, where we know that our quality factors are consistently high. The first parameter we investigate is the length of the tethers which we effectively vary by changing the size of the square window (a w ). As shown in Figure 5 , increasing the length of the tethers increases Q m and decreases f , as expected, with almost no change in the f × Q m product. We next sweep the width of the tethers from the nominal value of 5 µm to 64 µm, which is the maximum width before the tethers begin to overlap ( Figure 6 ). We measure the mechanical frequency increase and quality factor decrease towards a plateau near 7 × 10 6 , which is also the quality factor for a 50 nm thick square membrane of 700 µm. Intuitively in the limit of increasing tether width the tethered membranes begin to resemble square membranes where the tether width can no longer be properly defined and only the size of the window, a w , defines the lateral geometry of the membrane. We see a large enhancement in Q m from 15 × 10 6 to 32 × 10 6 when we decrease the tether width from 9 µm to 5 µm as the membranes losses begin to be dominated by clamping losses associated with strings (Q clamp ∝ a w /w). From finite element simulations we know that the contraction of relaxing material in the central membrane plays a key role in the enhancement of stress in the tethers. We sweep the size of the central membrane, a mem , in order to see how it enhances the stress in the tethers and ideally increases f × Q m . As we increase a mem , we simultaneously also increase a w to keep the length of the tethers constant. We find that the mechanical quality factors remain at nominal values while the frequency drops dramatically as the resonator mass increases quadratically ( Figure 7 ). In this case, f × Q m improves with decreasing membrane size. From a practical standpoint, the optimal size of the membrane is set by the minimum cavity beam waist which can still achieve large reflectivities from the photonic crystal on the central membrane. By using a small beam waist the size of the central membrane can be minimized in order to increase f × Q m , with the limit of good mode overlap with the photonic crystal to achieve high reflectivities. A beam waist of 20 µm gives us maximal reflectivity and requires a minimum photonic crystal mirror with d PhC ∼ 80 µm in order to overlap the tails of the Gaussian beam.
In addition, as the inner fillet radius between tethers and central membrane is increased, there is a slight increase in quality factor with a large decrease in frequency as the mass of the central membrane increases (Figure 8) .
We also vary the size of the outer fillet radius between the tether and the edge of the window. It is however difficult to directly compare resonators with different outerfillet shapes since larger outer-fillets require longer KOH release times. The increased etching times also widens the overhang around the perimeter of the window, which we find to lower the mechanical quality factors for nominal dimensions ( Figure 9 ). Last but not least, we also vary the number of tethers connecting the central membrane to the substrate, N . We sweep it from N = 4 to N = 20 as shown in Figure 10(a,b) while keeping all other parameters nominal. The observed shift in frequency in these "pinwheel" flexural resonators is from 170 kHz (N = 4) to almost 350 kHz (N = 20). In order to keep the lengths of the tethers equal, a rotationally symmetric design is required. In Figure 10 tethers, each 500 nm wide, and a square hole through the substrate for optical access. This large-N design exhibits frequencies around 1 MHz, with Q m ∼10 6 , which could be an interesting approach to further mitigate classical laser noise. An important fabrication challenge for such devices is to keep the overhang at the perimeter of the resonator to a minimum in order to reduce radiative losses into the substrate. The smallest overhang we were able to attain was ≈ 8 µm wide, which incurred significant losses resulting in Q m ∼ 1-3 × 10 6 . The nominal design (N = 4) keeps the overhang to a minimum due to the nature of rectangular crystal lattice etching of 100 silicon. 
Photonic Crystal Thickness
Using FDTD simulations we are able to optimize for the most reflective design at different photonic crystal thicknesses (t PhC = 100, 150, 200 nm) for 1550 nm light. In our simulations we sweep the lattice constant a and r/a, where r is the radius of the holes. Using these parameters, we are able to experimentally verify the FDTD results which show increased maximum reflectivity with increasing thickness of the photonic crystal t PhC (see Figure 11) . While we only plot transmittance T measurements for clarity, we also experimentally confirm that the reflectivity R = 1−T to within our measurement error by using the membranes as part of a Fabry-Pérot cavity in conjunction with another mirror with known reflectivity.
